Plaque formation with representative strains of feline panleukopenia virus (FPV) has been obtained using a permanent line of feline kidney cells under agarose overlay. FPV-infected cells appear as white plaques after neutral red staining. Plaque size is determined by the extent of cell division in the infected monolayer. FPV assay by the plaque procedure is rapid and gives infectivity titres which exceed those determined by the common inclusion body and immunofluorescent assays of FPV by a factor of about IOO and Io, respectively. Moreover, the plaque assay offers an effective means for the quantification of neutralizing antibodies in feline sera as well as for the detection of heat-stable substances in bovine sera which strongly interfere with replication of the virus.
INTRODUCTION
Feline panleukopenia virus (FPV) is a parvovirus capable of replication in susceptible cells without the simultaneous presence of an adenovirus helper. Although such parvoviruses are referred to as non-defective or autonomous parvoviruses, they depend for replication on one or more cellular function(s) expressed only transiently during late S-or early G2-phase of the cell cycle (Siegl, I976) . Non-cycling cells in culture or mitotically quiescent tissues in vivo are unable to support lytic infection. The dependence on cellular helper functions offers a possible explanation of the pathogenicity of these viruses; most of the autonomous parvoviruses cause foetal and neonatal disease but adult animals in general resist the induction of overt illness due to the limited availability of mitotically active tissues.
Feline panleukopenia virus is one of the few exceptions to this 'rule'. It is known to cause cerebellar hypoplasia with ataxia and death in the foetus, yet it also produces a frequently fatal acute enteritis with severe leukopenia in adult cats. Feline panleukopenia therefore represents a model system to study factors other than mitotic activity which may also contribute to parvovirus pathogenicity. The experimental use of this model system, however, is hampered by difficulties inherent to the cultivation of FPV in vitro. Bovine sera used to supplement growth media frequently contain non-specific inhibitors (Johnson, I967) which interfere with virus replication and titration of the virus is still accomplished by counting either haematoxilin-eosin stained intranuclear inclusion bodies (Johnson, I967; Scott et al. I97oa) or infected cells detectable on immunofluorescent assay (King & Croghan, I965) . In this paper we report a plaque test for FPV which may help to overcome these experimental difficulties. The assay greatly facilitates the quantitative analysis of virus replication, allows plaque purification of virus strains and also offers the possibility of screening feline sera for neutralizing antibodies as well as bovine sera for the presence of unspecific inhibitors.
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METHODS
Cell culture. A permanent line of feline kidney cells (NLFK cells; Johnson et aL I974) was used throughout these studies. The cells were adapted to growth in Eagle's modified minimum essential medium (MEM; Autopow, Flow Laboratories, Irvine, Scotland) containing I ~o non-essential amino acids, 2 mM-L-glutamine, 25 mm-Hepes (N-2-hydroxyethylpiperazine-N'-z-ethanesulphonic acid), O'Ol 4 % NaHCO3, 125 units/ml penicillin, 60/zg/ml streptomycin and 5 % foetal calf serum (FCS). For cultivation in tightly sealed plastic flasks and in Petri dishes the pH of the medium was adjusted by addition of NaOH to 7"6 and 8.o, respectively.
Virus strains. FP virus was represented by the leopard virus strain isolated by Johnson (I964) and the ME virus strain was isolated from an outbreak of mink enteritis in the U.K. (R. H. Johnson & C.A. Head, unpublished data) . The biological and physicochemical characteristics of these viruses as well as the production of virus stocks have been described in detail by Johnson et al. (1974) .
Quantification of virus and antibody. Virus samples were titrated for infectivity by counting either intranuclear inclusion bodies in haematoxylin-eosin stained coverslip cultures (Johnson et al. I974) or fluorescent cells subsequent to staining by the indirect immunofluorescent technique (Siegl & Gautschi, 1973) . The rabbit anti-FPV serum was a generous gift from Wellcome Laboratories, Pirbright, U.K.
Haemagglutination and haemagglutination-inhibition tests were as described by Hallauer et al. (I97r) . Pig red blood cells were used at a final concentration of o" 5 % and the tests were red after standing at 4 °C for I6 to 2o h.
The plaque reduction test is described in detail in the Results section. Plaque assay. The overlay medium used in the plaque assay was made up of 2 × concentrated MEM without phenol red (Flow), 2o % FCS, 2 % non-essential amino acids, 3 mM-Lglutamine, I o mM-Hepes, zo mM-Hepps (N-z-hydroxyethylpiperazine-N'-3-propanesulphonic acid), 2o mM-Tes (N-tris(hydroxymethyl)methyl-z-aminoethane-sulphonic acid), 6o mMNaHCO3 and NaOH to adjust the pH to 8. This medium was mixed with an equal vol of 1% agarose (electrophoresis grade, Sigma, St. Louis, Miss.) at 44 °C. The composition of this overlay is based on a formula suitable in plaque titration of H1 and LuIII parvoviruses in NBK cells and was communicated to us by Solon L. Rhode III, Putnam Memorial Hospital Institute for Medical Research, Bennington, Vermont. For plaque titration, 3 to 3"5 × IO 5 cells were cultivated in 6o mm Petri dishes under 5 % CO2. The growth medium was removed I7 to 18 h later and each dish inoculated with o.I ml of an appropriate virus dilution in MEM pH 8 containing 5 ~o FCS. After an adsorption period of 6o rain at 37 °C, 8 ml of the above complete overlay were added. The Petri dishes were incubated for 5 days in the presence of 5 % CO~ and then stained with 3 ml MEM containing 5 % FCS and o.o2 % neutral red. Plaques were counted 2o to 24 h later.
Sera. Foetal calf sera were purchased from various companies such as Flow Laboratories, Gibco (Grand Island, N.Y.), Seromed (Miinchen, Germany) and NABI (Miami, Florida). They were heated to 56 °C for 3o min before use.
Feline sera were obtained either from cats in a commercial breeding colony or from various species of felines in the Basel zoo. These sera were supplied by Dr U. Kihm, Eidgen/~ssisches Vaccine Institut, Basel. Before testing, they were heated to 56 °C for 3 ° rain and, in addition, were adsorbed to kaolin as described by Hallauer et al. (I97~) . 
RESULTS

Plaque formation
In initial experiments N L F K cells were trypsinized from confluent stock cultures and seeded at concentrations of between 2 × IO 5 and t.5 × lO6 cells per 6o mm Petri dish. After incubation for I7 to 20 h, the developing monolayers were infected with FPV at tenfold dilutions and covered with the agarose overlay. Staining of Petri dishes 5 days p.i. revealed that N L F K cells support plaque formation by the FP as well as by the ME virus strain. Both the size and number of plaques, however, proved to be a function of cell density. In monolayers grown from an initial concentration of 2 to 2. 5 × IO 5 cells, plaques showed a diam. of 4 to 6 mm, whereas they were almost invisible in dishes seeded with i to 1.5 × 106 cells. Moreover, the number of detectable plaques reached a maximum in monolayers established from 3 to 3"5 × 1o5 cells. Under the latter conditions, the diam. of plaques varied between I and 4 mm and 50 to 6o plaques could readily be distinguished in a 6o mm Petri dish (Fig. I ). 3 to 3"5 × lO5 cells were therefore chosen as the standard seed concentration.
Subsequent experiments indicated that plaques became visible as early as 2 days p.i. They increased in size and number up to day five. Incubation for more than 5 days did not increase the sensitivity of the assay. On the contrary, focal degeneration of monolayers frequently confused the results.
To establish a dose-response curve, eight cultures each were infected with twofold dilutions of a virus suspension containing about 60 p.f.u, per o.I ml. The resulting curve revealed a linear relationship between virus concentration and plaque number over the range of 3 to 50 plaques (Fig. 2) .
Titration of one and the same virus suspension in parallel experiments gave identical results. Significant differences in titre, however, were observed when the same virus stock was repeatedly assayed over a period of about 6 months. Detailed analysis of this phenomenon suggested that the passage history of cells used to initiate the monolayers played an important role. In general, confluent stock cultures containing more than I'5 × IO 7 cells per 75 cm2 plastic flask and incubated for more than 5 days yielded monolayers in which relatively few and barely visible plaques developed at a non-linear concentration/plaque number relationship. The difficulties were overcome by seeding stock cultures at a constant cell density of 4 × 106 cells/75 cm 2 flask and harvesting the cells after incubation for 4 days. Under these conditions, repeated titration of virus suspensions yielded highly reproducible results. 
Sensitivity of the plaque assay
The sensitivity of the various procedures available for quantification of FPV was compared in repeated experiments. Tenfold dilutions of virus suspensions were inoculated into coverslip cultures. Three and four days after infection, coverslips in duplicate were fixed and screened for the presence of intranuclear inclusion bodies by haematoxylin-eosin staining as well as for the appearance of antigen-positive cells by the immunofluorescent test. Comparison of the titres recorded in this way with results of the haemaggtutination tests and the plaque assays clearly indicated that plaque titration is by far the most sensitive method of quantification. As exemplified in Table 1 , the plaque assay is about Ioo-fold more sensitive than is screening for inclusion bodies and it exceeds the sensitivity of the immunofluorescent test by a factor of 5 to Io. Moreover, under the experimental conditions used, I haemagglutinating unit (HAU) of FPV proved to be equivalent to 1.28 × IO 2 p.f.u.
Plaque purification of virus strains
Both the FP and ME virus strain were cloned by standard procedures (Cooper, 1967) . However, in spite of constant assay conditions, the size of plaques varied considerably. Small plaques segregated large plaques and vice versa even after repeated cloning. Occasional observations suggested that this phenomenon resulted from variation in cell density within the infected monolayers rather than from insufficient purification or genetic instability of the virions. • Dilution of serum giving ioo% inhibition of haemagglutination. "~ Dilution of serum giving 50 % inhibition of plaque formation. 
Plaque neutralization
A series of feline sera were assayed for antibodies to FPV both by the haemagglutination inhibition test and by plaque neutralization. For the latter purpose, twofold dilutions of sera were mixed with an equal volume of a virus suspension containing Ioo p.f.u./o.I ml. The virus/serum mixtures were held at room temperature for 60 min and then o. I ml aliquots were used to infect Petri dishes (four dishes per dilution). Antibody titres were expressed as the highest dilution that reduced the plaque count by 50 ~/o, end titres being calculated on the basis of a linear regression curve. As evident from Table 2 , the assay of specific antibodies by the plaque neutralization test is of extraordinary sensitivity. Sera non-reactive in haemagglutination inhibition at a dilution of I : io (the lowest dilution tested due to pretreatment of sera with kaolin) could frequently be diluted several hundredfold before end titres were reached. It should be stressed, however, that reproducible results were only obtained if the virus was diluted in tissue culture medium containing 5 % FCS, otherwise plaque counts varied considerably. The addition of FCS probably prevented adsorption of virus particles to the walls of the test tubes. * Concentration of serum in the assay mixture during incubation at either ambient temperature for [ h or 37 °C for 16 to I8 h.
1" The degree of reduction was calculated on the basis of that number of plaques detected after parallel incubation of FPV in MEM supplemented with pre-tested serum at a final concentration of 5 %. 
Assay of inhibitors in foetal calf sera
Foetal calf sera are known to contain heat-stable inhibitors which interfere with the multiplication o f FPV in cell cultures (Johnson, 1967) . These inhibitors cannot be detected by the ordinary haemagglutination inhibition assay but show up as reduced yield of infectious virus during p r o p a g a t i o n o f FPV. With the techniques presently available screening of F C S for inhibitors is rather time consuming. Therefore, we attempted to simplify the selection of inhibitor-free FCS on the basis o f a plaque reduction test. Two different approaches were used. Firstly, twofold dilutions of FCS in culture m e d i u m were mixed with a virus suspension containing Ioo p.f.u./o.I ml and incubated either at r o o m temperature for I h or -to mimic the conditions in the culture flask as closely as possible -at 37 °C for I6 to 18 h. Samples (o-i ml) were then assayed for residual infectivity according to the usual protocol. Secondly, Petri dishes were infected with 5o p.f.u, and the sera to be tested were included in the overlay medium at a final concentration of IO%. U n d e r both conditions inhibitors could be readily detected. In those experiments in which dilutions of FCS were reacted with a constant concentration of virus, a reduction in plaque counts was observed similar to the results of the plaque neutralization test (Table 3 )-Incubation of the virus/serum mixtures at 37 °C overnight did not increase the sensitivity of the assay. On the other hand, when the inhibitors were present in the overlay medium, both a reduction in plaque counts and in plaque size became evident (Fig. 3) . The latter technique was the method of choice for rapid selection of suitable calf sera while the quantitative dilution technique offers an effective means for detailed characterization of the inhibitory substances.
DISCUSSION
Multiplication of feline panleukopenia virus in primary and permanent cultures of feline cells is associated with only weak and frequently uncharacteristic cytopathological changes in the unstained monolayer (Johnson, I965, I967; Scott et aL I97oa) . Therefore, titration of FPV infectivity is predominantly done by screening infected cultures for the development of virus-specific intranuclear inclusion bodies (Johnson, 1965; Scott et al. 1970 b; O'Shea & Studdert, t977) . The sensitivity of this technique, however, is limited by the outstanding dependence of the multiplication of the parvovirus FPV on helper functions expressed only transiently by actively growing cells (Johnson, I967; O'Shea & Studdert, I977) . As soon as density-dependent inhibition of cellular growth leads to the disappearance of cycling cells, both the multiplication of FPV and the formation of inclusions ceases. Moreover, cells harbouring inclusions tend to float off the cell sheet leaving monolayers which at best may be distinguished from uninoculated controls by a more or less characteristic thinning. Monolayers infected with endpoint dilutions of virus suspensions therefore are likely to be classified as uninfected despite the continued presence of infected cells. Titration of FPV infectivity by means of immunofluorescent staining (King & Croghan, I965) suffers from the same drawbacks. The latter technique, however, is able to detect early stages in the intranuclear replication of the virus which do not show up by haematoxylin-eosin staining and, thus, is of higher sensitivity. The plaque assay described in the present paper circumvents most of the difficulties so far associated with the titration of FPV infectivity. As shown in Table I , it exceeds the sensitivity of the inclusion body assay by a factor of about Ioo. Reading of endpoints is also less time consuming and the linear relationship between plaque number and virus concentration suggests that an individual plaque results from a single infectious particle. It has to be emphasized, however, that reliable and reproducible results are only obtained under strictly controlled cultural conditions selected to provide monolayers with a maximal number of mitotically active cells. In this respect the most important factors include the viability and number of cells used to establish the monolayers as well as the time elapsing between seeding of cells and the inoculation of virus suspensions. Differences in cell density throughout an infected monolayer also result in a considerable variation in plaque diameter. This observation conforms with evidence obtained in plaque assays of parvoviruses like MVM (Tattersall, I972) and LulII (G. Siegl & G. Kronauer, unpublished data) . In consequence, the use of plaque morphology as a characteristic of FPV strains selected by cloning for vaccine production or biochemical studies should be treated with caution.
Besides providing a rapid and sensitive means for titration of FPV infectivity the main advantage of the plaque assay is the possibility it gives of performing rapid and sensitive tests for specific neutralizing antibodies and non-specific inhibitors which interfere with FPV multiplication. In screening infected monolayers for intranuclear inclusion bodies, Goto (1975) found titres of neutralizing antibodies in feline sera to be of the same magnitude as antibody titres read by haemagglutination inhibition. This observation is in clear contrast with results obtained by the plaque neutralization test (Table 2) . By means of the latter technique, titres of neutralizing antibodies frequently exceeded HI-titres by a factor of ioo. Plaque neutralization also turned out to be especially suitable in follow-up studies of maternally transmitted immunity to FPV in newborn kittens revealing specific antibodies in many sera which proved negative in the HI-test.
Finally, reduction of both plaque number and size in the presence of unspecific inhibitors offers an effective means for the selection of foetal calf sera suitable in the propagation of FPV. Johnson 0967) has provided suggestive evidence for the heat-stable inhibitors combining with the surface of FPV particles in the culture medium. This process leads to clumping of virus particles as well as to a drastic reduction in the yield of progeny infectious virus. In our hands, only a rather small proportion (i o to 2o %) of all foetal calf sera obtained from various commercial companies proved to be free of such inhibitory substances. Comparative titration of virus suspensions harvested from NLFK cultures grown in the presence of either inhibitor-free or inhibitor-containing FCS occasionally revealed differences in p.f.u, titres of I to 3 log10. The nature of the inhibitors is still obscure ; preliminary experiments indicated, however, that they readily adsorb to kaolin and can be precipitated from sera like lipoproteins and macroglobulins (G. Siegl & G. Kronauer, unpublished data). A more thorough investigation into the biochemical characteristics of the inhibitory substances is in progress.
